Oscillation, malonic acid, bromate, oxydation, dibromo acetic acid A t room tem perature the diem ical reaction between malonic acid (0.2 m) and K B rO j (0.06 m) in 1 m H 2S 0 4 is catalysed by cerium ions. The oscillation of the yellow Ce4+ ion s ca n be observed directly during the reaction. By silica-gel chromatography the brominated products of the reaction have been identified as dibromoacetic acid and bromomalonic acid.
I. Introduction
In an acidic medium malonic acid is not oxidized by bromate to a measurable degree at room tempera ture. However, in the presence of cerium ions, serving as catalysts, periodical concentration changes of the yellow eerie ions can be observed. The range of the initial concentrations of the reactants leading to an oscillating reaction course was investigated by Z h ab o t i n s k y x. The oscillation can be recorded by mea surements of light-absorption or redox potential 2. It has also been shown that malonic acid, cerium ions and sulphuric acid of the reaction mixture may be replaced by other compounds while still retaining the oscillating reaction 3. However, no replacement for bromate has been reported.
One of the reaction products is C 0 2, which forms bubbles in the solution4. Furthermore, stable com pounds such as H BrO , B r2 and Br", obtained by the reduction of bromate, might be detected as products of the reaction. Since Br~ reacts rapidly with BrOg un der formation of Br2, one would not expect to find B r' as one of the reaction products. Indeed, this was con firmed by precipitation of the reaction products with silver salt 5. Br , however, is a strong inhibitor of the reaction of cerous ions with BrOg. Bromine, whidi reacts rapidly with malonic acid, could not be detect ed by light-absorption spectroscopy 6 and, therefore, is excluded as a final product of the reaction. Also, light-absorption measurements in the ultraviolett range failed to detect H BrO as a product 7.
On the basis of these findings, it has been suggested that brominated organic compounds accumulate as reaction products. Furthermore, the reduction of BrOg should yield oxidized compounds derived from malo nic acid, at least C 0 2. In tracer experiments carried out in this laboratory 8, labelled C 0 2 was detected when radioactive malonic acid labelled in the two position was added with cerium ions to start the reac tion. If radioactive malonic acid, however, was added some time after the initiation of the reaction only a weakly labelled C 0 2 was found. From this result, it was concluded that C 0 2 is produced from a derived product of malonic acid, and the following overall reaction scheme is suggested: In a study of this mechanism we analyzed the reac tion mixture by thin-layer chromatography, the results of which will be reported in this paper. 110 °C was necessary. For the detection of tribromoa cetic acid the plates were dried in a stream of cold air to avoid decomposition.
II. Materials and Methods

Chromatography
Analytical systems
The following chemicals were used: It was found that solutions (A) and (B) now grew pale in about 25 and 135 min resp.The chromatograms of ether extract taken in the cold from the colourless solutions are given in Fig. 1 . At 0 °C , if a little less than 3 equivalents of bromine per malonic acid were added, the colour kept for more than a day.
Chromatograms of these preparations are shown in Fig. 1 and 2 with labels BrMA (bromomalonic acid) and B r2MA (dibromomalonic acid). Because dibromo malonic acid decarboxylates at room temperature 15 to dibromoacetic acid, one might expect the fastest run ning spot to be dibromoacetic acid, which is confirmed by comparison with the bromoacetic acids as shown in Fig. 2 .
In Fig. 2 , the spot running at the same R F as malo nic acid (labelled MA) seems to consist of at least 2 substances since it is asymmetrical. One of these sub stances should be malonic acid and the other one bro momalonic acid, because this spot disappears by ad ditional bromination (compare BrM A and Br2MA in 14 C. Knaus Fig. 2 , the occurrence of some side reactions is indicated. Possibly, these lead to the production of tribromoacetic acid and some unknown acidic products, which travel only at a slow rate. The better resolution in Fig. 1 demonstrates that dibromomalonic acid seems to be more stable at 0 °C because of an additional strong spot above bromoma lonic acid. The latter compound is well separated from the slower travelling malonic acid. Furthermore, the strong spot does not disappear by further bromination whereas the spots of bromomalonic acid and malonic acid do so. Comparison of the various spots in the BrMA chromatogram in Fig. 1 yields, Chromatograms of the ether extracts of this system (see Fig. 3 ) clearly showed after a few days a weak Fro m left to right the e x tra ct is taken:
Fig. 2). In preparation Br2MA of
(1) before the reaction is started by the catalyst (2) 7 min later on the beginning of the oscillatory state, (3) 2 hours later (4) 6 hours later, when the oscillation ceased.
(5) The same as (2), except that the reaction mixture is stopped by addition of a sufficient am ount of N a2S 0 3 in ord er to reduce all brom ate.
The origin of the spots is marked by a cross. The time after the beginning of the reaction is given in minutes below the origin.
17 S. P a t a i , "The C hem istry of carboxylic acids and esters", Interscience-Publ. [1 9 6 9 ], fourth spot at a short distance from the origin (using glucose-aniline as indicator). It also should be men tioned that one day after staining the third spot from the origin (bromomalonic acid) developed a charac teristic brown ring which can be observed by looking through the back of the glass plate.
Isolation procedure
In order to identify the substances separated on the plate their isolation was attempted. The preparative plates (Merck AG, Darmstadt, see under chromato graphy) were developed in medium (2 ). The fastet run ning band was dissolved in di-i-popylether and for mic acid (80 : 20). The substance was recrystallized from acetone with chloroform for further investiga tion.
III. Results
In an attempt to identify the chemical nature of the products, samples of the reaction mixtures, under oscillating conditions, were extracted by ether and analyzed by thin-layer chromatography. As demon strated in Fig. 3 four different spots were observed. Whereas formic acid should not be detectable by this procedure, the other expected chemical compounds (bromoacetic acids, bromomalonic acids as well as malonic acid) should readily be identified.
A comparison of the synthetic bromoacetic acids in Fig. 2 with the fastest running compound of the pro ducts, as shown in Fig. 2 (marked X t) , suggests that dibromoacetic acid is one of the products of the os cillating reaction. After isolation and purification, this substance on high resolution mass spectroscopic ana lysis showed a spectrum with a typical C H B r2 peak 17.
From Fig. 1 a comparison with a spot pattern of BrMA (explanation see under "Analytical systems") yields that the spots X 2 could be identified as bromo malonic acid, whereas dibromomalonic acid could not be detected.
The characterization of the second spot from the origin (see Fig. 3, X 3) as malonic acid could be veri fied, as shown in Figs 1, 2, and 3 , from its chromato graphic mobility. It should be noted that the plates used in Fig. 2 gave a better resolution of the bromo acetic acids, but a lower resolution in the malonic acid region.
An identification of the faint slow-travelling spot ( X 4) and its function in the oscillating reaction was not achieved because of the low resolution of the me thod especially for identification of tartronic-, me soxalic-and oxalic acid. Thus, summarizing, the series of spots in Fig. 3 have the following identity (starting from the fastest travel ling compound): dibromoacetic acid, monobromomalonic acid, malonic acid. The slowest spot was not iden tified.
IV. Discussion
The three intense spots on the chromatogram (Fig.  3) are defined as malonic acid ( X 8), bromomalonic acid ( X 2) and dibromoacetic acid ( X J . No organic oxidation product of malonic acid was identified. Therefore, the overall reaction equation as suggested in the introduction, should be modified in the following w ay:
Ces+ Ce4* H 2C (C O O H )8 + B rO s~ ------------► C O * + B rH C (C O O H )2 h *s o 4 -I-H B r2C -C O O H + (oxidation product?)
Qualitatively one might conclude from Fig. 3 that there is already a considerable amount of bromoma lonic acid produced at the time the oscillation starts. It is suggested that bromomalonic acid and dibromo acetic acid accumulate during the state of oscillation as judged by the intensity of the spots. Also, after the oscillation has ceased no remarkable change in the spot pattern is observed (see Fig. 3) .
Because of the formation of tw o brominated pro ducts, one might assume that at least two reactions occur and that the overall reaction might be described by two extents of reaction -one for each brominated product. Whether both reactions run simultaneously or with a phase shift during the oscillating state, will be investigated in further experiments. The experi ments of D egn 18 showed that C 0 2 is generated peri odically. From this it can be concluded that at least one of the two reactions is proceeding in a periodical manner. In order to evaluate the relationships between the various compounds involved, a gaschromatographic study is underway.
